Abstract. Soil water deficits remain one of the most important factors reducing the yield of crop plants and may become even more limiting with changes in the global climate and competition for fresh water resources. Soil water deficits reduce plant growth partly by reducing photosynthesis. However, it remains unclear how important non-stomatal factors are in limiting photosynthesis under moderate water stress and whether rising atmospheric carbon dioxide may alter which processes limit photosynthesis under water stress. The conductance to CO 2 from the substomatal air space to the site of carboxylation inside chloroplasts in C 3 plants is now termed mesophyll conductance. Because of the competition between CO 2 and O 2 for RuBisco, the carbon dioxide concentration at the chloroplast can be estimated from the O 2 sensitivity of photosynthesis, providing a new method of estimating mesophyll conductance. It has also recently been realized that partial stomatal closure resulting from water stress can often be reversed by exposing leaves to low CO 2 . This provides a new means of assessing the non-stomatal component of the inhibition of photosynthesis by water stress. These methods were applied to four C 3 species and revealed that mesophyll conductance decreased substantially with water stress in two of the four species and that reopening of stomata did not eliminate the reduction in photosynthesis caused by moderate water stress at either the current ambient or elevated CO 2 concentrations.
Insufficient water is currently one of the environmental factors most limiting to crop yields and is likely to remain so even with global climate change. Although rising atmospheric carbon dioxide concentrations may substantially reduce stomatal conductance (g S ), we can expect this to result in only small reductions in evapotranspiration at the field scale (Bunce, 2004) . Furthermore, despite projected increased global precipitation, the increased magnitude of rainfall events also leads to a prediction of increased frequency of drought (Groisman and Knight, 2008) . Therefore, adapting crops to drought conditions remains a reasonable goal.
Dry soils reduce plant biomass production primarily by slowing leaf area development or by decreasing photosynthesis, although reproductive processes can be more sensitive and specific targets of stress in some species. In many crops, dry conditions occur after full canopy development so that slowing of leaf area development would have little impact on biomass production, but reduced photosynthesis would limit it. Thus, improvement of photosynthesis during dry conditions is a worthwhile objective. Strategies to improve photosynthesis during drought should be based on knowledge of what plant processes are most limiting to photosynthesis in stressed plants.
It is generally accepted that moderate water stress inhibits photosynthesis primarily by decreasing g S , which limits the carbon dioxide supply to the leaf interior (Flexas et al., 2004; Flexas and Medrano, 2002; Lawlor and Cornic, 2002) . At higher atmospheric carbon dioxide concentrations, the stomatal limitation to photosynthesis decreases (Sage, 2004) , and photosynthesis would be expected to be less inhibited by the same relative reduction in g S . However, assessments of stomatal and biochemical limitations to photosynthesis need to take into account new information about limitations to photosynthesis imposed by the movement of carbon dioxide from inside the stomata to the site of fixation inside the chloroplast, the ''mesophyll conductance,'' and how it may be affected by water stress and by carbon dioxide concentration as well as taking into account the wellknown difficulties in leaf gas exchange analysis presented by ''patchy'' stomatal closure.
Mesophyll conductance has been measured primarily using chlorophyll-a fluorescence combined with leaf gas exchange (Harley et al., 1992) or online carbon isotope discrimination (Evans et al., 1986) . These methods rely on uncertain assumptions and involve expensive instrumentation. The oxygen sensitivity of photosynthesis is determined by the carbon dioxide concentration at Rubisco and so provides a relatively inexpensive estimate of mesophyll conductance (Bunce, 2009 ) and its environmental dependence. The observation that mesophyll conductance can decrease with water stress (e.g., Warren, 2008) calls into question the use of small-scale fluorescence methods to indicate the presence of ''patchy'' stomatal behavior (Flexas et al., 2004) . As an alternative method of assessing the importance of patchy stomatal behavior, we can exploit the fact that stomata can be reopened despite water stress by treatment with low carbon dioxide concentrations (Bunce, 2007; Centritto et al., 2003) and use this to separate stomatal and non-stomatal inhibition of photosynthesis by water stress.
I report the use of the oxygen sensitivity of photosynthesis and exposure to low carbon dioxide concentrations to reopen stomata of moderately stressed leaves of four C 3 species to better understand the stomatal and nonstomatal limitations to photosynthesis at the current ambient and projected future carbon dioxide concentrations.
MATERIAL AND METHODS
Three crop species, soybean (Glycine max L. Merr. cv. Kent), collard (Brassica oleracea acephala DC., variety Georgia Southern), and bean (Phaseolus vulgaris L. variety Dark Red Kidney), and one weedy species, velvetleaf (Abutilon theophrasti L., collected in Beltsville, MD), were grown in controlled environment chambers at 23°C, which is the growing season mean temperature in Beltsville. There were 12 h per day of light at 1000 mmolÁm -2
Ás
-1 photosynthetic photon flux density (PPFD) from a mixture of high-pressure sodium and metal halide lamps. Plants were grown one per pot in 20-cm diameter pots, rooted in vermiculite, and fertilized daily with a complete nutrient solution containing 14.5 mM nitrogen. The chamber air saturation deficit for water vapor was %1 kPa in the daytime, and the chamber carbon dioxide concentration was controlled at 375 ± 20 mmolÁmol -1 24 h per day. Leaf gas exchange measurements were made on third main stem trifoliolate leaves in soybean and bean and sixth main stem leaves in collards and velvetleaf a few days after those leaves had reached full area expansion. Water deficits were produced by ending watering for 3 to 5 d. Carbon dioxide assimilation rate (A), g S to water vapor, and substomatal carbon dioxide concentration (C i ) were measured on control and water stressed leaves using a Li-6400 portable photosynthesis system. Leaves were held at a temperature of 23°C, a PPFD of 2000 mmolÁm -2 -1 , and a leaf to air water vapor saturation deficit of 1.0 kPa. Steadystate responses of A to C i over the range of %100 to 600 mmolÁmol -1 were determined at 21% and 2% O 2 using standard precautions and tests for leaks of water vapor and carbon dioxide through the chamber materials and the seals between leaves and chamber gaskets (compare with Bunce, 2009 Bunce, , 2010 . For waterstressed leaves, responses of A to C i at 21% O 2 were also determined after first exposing the leaves to an external carbon dioxide concentration of 100 mmolÁmol -1 until g S increased as much as it would. As many A vs. C i points as possible were then determined before g S began to decrease. When g S began to decrease, the stomata were reopened again by exposure to low carbon dioxide concentration and then more A vs. C i points recorded. After these non-steady state responses were determined, steady-state rates were remeasured at the growth carbon dioxide concentration to determine whether initial rates were again achieved. Water potentials of leaf discs excised from the leaves in which gas exchange was determined were measured using dew point hygrometry.
For control plants, composite A vs. C i curves at 21% and 2% [O 2 ] were used to determine whether mesophyll conductance (g m ) varied with C i (Bunce, 2010) . Briefly, this was done by fitting the A vs. C i curves at 21% [O 2 ] to a Farquhar-type biochemical model of C 3 photosynthesis and then finding the value of g m at which the model correctly predicted the observed rates at 2% [O 2 ] at that C c (Bunce, 2009 ). This can be done at any C i , provided rates at both [O 2 ] are limited by the same biochemical factor (i.e., either the maximum rate of Rubisco carboxylation, V Cmax , or the rate of electron transport, J), and provided that [CO 2 ] remains limiting to A at both [O 2 ]. For stressed plants, estimates of g m were done on an individual leaf basis comparing g m at the C i obtained when C a was %375 mmolÁmol -1 and in bean only also at %200 mmolÁmol -1 . These estimates of g m allowed the calculation of V Cmax based on C c rather than C i from the lower parts of the A vs. C i curve and the determination of whether V Cmax was affected by water stress. I also determined whether any reduction in V Cmax by water stress was reversed by the reopening of stomata. A at a C i of 550 to 600 mmolÁmol -1 was used to estimate J, because C i at that C a was above the transition from V Cmax to J limitation. It was also tested whether reopening of stomata restored any apparent reduction in J by the water stress. These measurements were conducted on four unstressed plants of each species and five or six moderately stressed plants of each species. The driest plants measured had stomatal conductances reduced to 25% to 30% of the maximum for each species when measured at the growth [CO 2 
RESULTS AND DISCUSSION
In unstressed plants, g m changed by 15% or less over the C i range of 100 to 400 mmolÁmol -1 in all species except bean (Fig. 1) . Responses in bean and soybean were similar to those previously reported (Bunce, 2010) with an %60% decrease in g m as C i increased from 100 to 300 mmolÁmol -1 in bean. Others, using various methods of estimating g m , have also found it to decrease with increasing CO 2 in some species (compare with Flexas et al., 2008) or to change very little with CO 2 in other species (e.g., Bunce, 2010; Schaufele et al., 2011) .
The leaf water potentials of stressed plants in this study averaged -0.7 MPa in bean, -0.9 MPa in collard, -1.3 MPa in soybean, and -1.6 MPa in velvetleaf. Flexas and Medrano (2002) argued that water stress effects on photosynthesis are better characterized by the absolute value of g S than by water potential. Because all of the g S values in this study were greater than 0.15 molÁm -2
Ás
-1 , these would be considered mild or moderate water stress in the Flexas and Medrano (2002) scheme.
Water stress decreased g m measured at the growth C a in collard and velvetleaf but not in bean or soybean (Table 1) . No decrease in g m with stress was also observed in bean at a lower C a of %200 mmolÁmol -1 (not shown). The lack of response of g m to water stress in soybean is the same result as previously reported for moderately stressed leaves of a different variety of that species (Bunce, 2009) . Others have observed decreases in g m with water stress in many but not all species (reviewed in Flexas et al., 2008; Warren, 2006) and also after the application of abscisic acid (Schaufele et al., 2011) .
The importance of g m as a limitation to photosynthesis is reflected in the ratio of C c to C i with ratios close to 1 indicating little limitation. For unstressed leaves, collard had the highest C c to C i ratio of the species examined (Table 1) . In all species except collard, the C c to C i ratio increased in moderately stressed leaves, indicating that g m became less limiting to photosynthesis during water stress. In collard, the increase in g m with stress resulted in essentially no change in the C c to C i ratio with stress. Thus, there were no species in which the limitation to photosynthesis imposed by g m increased with water stress.
V Cmax , estimated from C c , decreased in stressed plants of all species as did J (Table 2) . Decreases in V Cmax by these moderate levels of water stress differ from the generalization that decreased Rubisco activity requires very low stomatal or mesophyll conductances (Galmes et al., 2011) . The relative decreases in g m , V Cmax , and J varied among species with g m decreasing particularly strongly in collard, V Cmax in bean, and J in soybean. The relative decrease in photosynthesis with water stress was not substantially or consistently less at C a = 550 than at C a = 375 ( Table 2 ). The substantial reduction in A at C a = 550 mmolÁmol -1 with stress can be primarily ascribed to the reduction in J, which occurred in all species. Thus, elevated measurement CO 2 , despite decreasing the stomatal limitation of photosynthesis in control leaves, did not protect photosynthesis from the effects of water stress. The substantial inhibition of photosynthesis by water stress when measured at elevated CO 2 is consistent with the generalization that RuBp regeneration and ATP production, which influence J, are impaired by mild to moderate water stress (Flexas and Medrano, 2002; Lawlor and Cornic, 2002) . The relative reduction in g S with water stress in all cases was slightly larger at the higher measurement C a . This is consistent with other observations of increased sensitivity of g S to C i in water-stressed leaves (Bunce, 2007) .
Exposure to low CO 2 increased g S of moderately water-stressed leaves by least a factor of 3 for all species (Table 3) . The largest relative increase occurred in soybean, in which stomatal conductances equaled those of control leaves measured at the growth C a despite having initially been decreased to %25% of the unstressed value. In the other species, the maximum g S achieved during reopening was %80% of the control values (measured at the growth C a ).
Species differed in whether reopening of stomata of water-stressed leaves reversed decreases in specific photosynthetic parameters. Decreases in V Cmax with stress were partially reversed by reopening stomata in collard but were unaffected by reopening in the other species (Table 3) . Decreases in J with stress were partially reversed in soybean, bean, and collard but were not completely reversed in any of these species. An example of A vs. C i curves before and after complete reopening of stomata in soybean is given in Figure 2 , illustrating the lack of improvement in the initial part of the A vs.
C i curve and only partial improvement in the upper part of the curve. The decreases in g m with stress in collard and velvetleaf were unaffected by stomatal reopening. This result differs from the reversal of the decrease in g m caused by salt stress after stomata were reopened (Centritto et al., 2003) . In velvetleaf, reopening stomata did not change the inhibition of any of the measured photosynthetic parameters. In none of the four species did reopening of stomata completely reverse the inhibition of photosynthesis caused by water stress. All species continued to show reductions in g m , V Cmax , or J after reopening of stomata. Reopening of stomata came closest to reversing the effects of water stress on photosynthesis in soybean and collard, which suggests that stomatal closure was relatively more important to the inhibition of photosynthesis by water stress in those species and that biochemical disruptions were relatively more important in bean and velvetleaf. In bean and velvetleaf, 27% to 39% reductions in photosynthesis with stress only improved to 17% to 27% reductions after stomata were reopened.
CONCLUSIONS
Although mesophyll conductance decreased substantially with moderate water stress in collard and velvetleaf, mesophyll conductance did not increase in importance as a limitation to photosynthesis in any species as a result of water stress. Elevated carbon dioxide concentration did not substantially decrease the inhibition of photosynthesis by moderate water stress, partly Values are means ± SE, for n = 5 or 6. A = assimilation rate; g S = stomatal conductance; g m = mesophyll conductance; V Cmax = maximum rate of Rubisco carboxylation; J = rate of electron transport. Table 3 . Responses of leaf gas exchange to moderate water stress after reopening of the stomata using low CO 2 .
z Species Percent decrease relative to control A375 A550 g S g m V Cmax J Soybean 7 ± 5 10 ± 5 0 ± 11 0 ± 8 23 ± 7 15 ± 4 Collard 12 ± 7 10 ± 6 17 ± 9 36 ± 10 5 ± 7 16 ± 5 Bean 27 ± 5 23 ± 6 19 ± 7 0 ± 5 32 ± 9 27 ± 7 Velvetleaf 20 ± 4 17 ± 3 22 ± 12 17 ± 4 21 ± 5 21 ± 6 z A, J, and g S were measured at 21% [O 2 ] at both 375 and 550 mmolÁmol -1 C a . The decrease in g S is expressed relative to control plants measured at 375 mmolÁmol -1 . Values are means ± SE, for n = 5 or 6. A= assimilation rate; g S = stomatal conductance; g m = mesophyll conductance; V Cmax = maximum rate of Rubisco carboxylation; J = rate of electron transport. because of increased sensitivity of g S to stress at elevated carbon dioxide and partly because a reduction in Rubp regeneration with stress was important in all species. Reopening of stomata during water stress showed that although decreased g S was the dominant cause of the reduction in photosynthesis in all species, it was not the exclusive cause of reduced photosynthesis in any species. Very substantial non-stomatal inhibition of photosynthesis by moderate water stress occurred in bean and velvetleaf. Disruptions to the regeneration of Rubp may become increasingly important to photosynthesis during water stress as atmospheric carbon dioxide concentration rises. Rubp regeneration also occurs in guard cells and might also be involved in stomatal closure during water stress (Lawson et al., 2003) . Thus, prevention of the disruption of Rubp regeneration could prove a useful target for the improvement of the tolerance of photosynthesis to water stress both in the current and future climates.
